ABSTRACT: Four experiments were conducted to determine the standardized ileal digestible (SID) Lys requirement of pigs (Sus scrofa) from 7 to 14 kg. In Exp. 1, 294 pigs (6.8 kg BW) were used in a 28-d growth trial with 7 pigs per pen and 7 pens per treatment. Treatment diets were fed from d 0 to 14, and a common diet was fed from d 14 to 28. The 6 SID Lys levels tested were 1.15, 1.23, 1.30, 1.38, 1.45, and 1.53%. The diets were corn-and soybean-meal [Zea mays L. and Glycine max (L.) Merr.] based, with 10% spray-dried whey, 4.5% fi sh meal, and contained 3.37 Mcal of ME/kg. From d 0 to 14, ADG increased (quadratic, P < 0.001) as SID Lys increased from 1.15 to 1.30% with no further increase at greater levels. Gain:feed increased (linear, P < 0.001) with increasing SID Lys. Experiments 2 to 4 were 14-d growth trials with diets containing 1.22, 1.32, 1.42, 1.52, or 1.62% SID Lys. Diets were corn-and soybean-meal based with 3.45 Mcal of ME/kg. Soybean meal and lactose were constant in all diets at 30 and 7% of the diet, respectively. In Exp. 2, 840 pigs (7.6 kg BW) were used, with 24 pigs per pen and 7 pens per treatment. Increasing SID Lys from 1.22 to 1.42% increased (quadratic, P < 0.01) ADG and G:F with no further improvement observed in pigs fed the 1.52 or 1.62% SID Lys diets during d 0 to 14. In Exp. 3, 1,260 pigs (8.5 kg BW) were used with 42 pigs per feeder (2 pens per feeder) and 6 feeders per treatment. Increasing dietary Lys increased (quadratic, P < 0.02) ADG and G:F with the greatest response observed as SID Lys increased from 1.22 to 1.32% and, then, slight improvements with 1.42 and 1.52% during d 0 to 14. In Exp. 4, 770 pigs (7.4 kg BW) were used with 22 pigs per pen and 7 pens per treatment. Increasing SID Lys increased (quadratic, P = 0.05) ADG with pigs fed 1.32 and 1.42% SID Lys diets having the greatest BW gains during d 0 to 14. Increased SID Lys decreased (linear, P < 0.001) ADFI and increased (linear, P < 0.001; quadratic, P = 0.02) G:F.
INTRODUCTION
Lysine is the fi rst limiting AA in corn-and soybeanmeal diets for pigs, and is used as a reference to estimate requirements of other indispensable AA. The NRC (1998) dietary estimates for 5 to 10 kg pigs is approximately 1.35% total Lys or 1.19% standardized ileal digestible (SID) Lys, with the range of research estimates reported in NRC (1998) varying widely from 1.10 to 1.40% total Lys. Results of other experiments have indicated that the requirement for total Lys for 5 to 10 kg pigs is between 1.45 and 1.49% (Gatel et al., 1992; Broekman et al., 1997) . In a more recent report, Dean et al. (2007) suggested that 1.40% SID Lys is required for optimal growth of 6 to 12 kg pigs.
The requirement estimate by NRC (1998) for 10 to 20 kg pigs is 1.15% total Lys or 1.01% SID Lys; however, results of recent studies with pigs in this BW range have indicated the requirement is between 1.30 and 1.40% SID Lys (Lenehan et al., 2003; Hill et al., 2007; Kendall et al., 2008) . Results of research with 25 to 120 kg pigs also has indicated that NRC (1998) estimates may be too low (De La Llata et al., 2007; Main et al., 2008) for modern genotypes.
Many factors can contribute to the variation in Lys requirement estimates, including formulating on a total, instead of SID, AA basis (Stein et al., 2007) , methods of statistical analysis (Robbins et al., 2006) , gender (Baker, 1986 ) , or genotype . In addition, all previous research on Lys requirements of early nursery pigs has been conducted in university research settings and not under commercial fi eld conditions. Therefore, our objective was to evaluate the SID Lys requirement for nursery pigs from 7 to 14 kg in both university (Exp. 1) and commercial facilities (Exp. 2 to 4).
MATERIALS AND METHODS
All practices and procedures used in these experiments were approved by the Kansas State University Institutional Animal Care and Use Committee (Exp. 1 and 3) or the University of Missouri Institutional Animal Care and Use Committee (Exp. 2 and 4).
Experiment 1
A total of 294 weanling pigs (initial BW: 6.76 ± 0.08 kg) were used in a 28-d growth trial at the Kansas State University Swine Teaching and Research Center. Pigs were the offspring of TR4 males and L 1050 females (PIC, Henderson, TN). Pigs were weaned at approximately 21 d of age and fed a common starter diet (1.56% SID Lys) for 3 d. At weaning, pigs were allotted to pens by initial BW to achieve the same average weight for all pens. On d 3 after weaning, pens were allotted to 1 of 6 dietary treatments in a completely randomized design. Thus, d 3 after weaning was d 0 of the experiment. Each treatment had 7 pens with 7 pigs per pen. Each pen (1.22 × 1.52 m) contained a 4-hole, dry self-feeder and a nipple waterer to provide ad libitum access to feed and water.
A 2-phase diet sequence was used, with treatment diets fed from d 0 to 14, and a common diet fed from d 14 to 28 (Table 1) . Six diets that were fed from d 0 to 14 were formulated to contain 1.15, 1.23, 1.30, 1.38, 1.45, and 1.53% SID Lys. Treatment diets were corn-and soybean-meal based, contained 10% spray-dried whey and 4.5% Select Menhaden fi sh meal, and were formulated to contain 3.37 Mcal of ME/kg. Soybean meal and LLys·HCl were both increased to attain the greater SID Lys diets. Crystalline DL-Met, L-Thr, L-Trp, L-Ile, and L-Val were also increased with increasing SID Lys to maintain minimum AA ratios relative to Lys of 59% Ile, 116% Leu, 58% Met + Cys, 20% Trp, 64% Thr, and 70% Val (NRC, 1998) . Large, 1,270 kg batches of the 1.15 and 1.53% Lys diets were manufactured and then blended at ratios of 80 to 20, 60 to 40, 40 to 60, and 20 to 80 to achieve the intermediate Lys diets. The common diet fed from d 14 to 28 was corn-and soybean-meal based and formulated to contain 1.26% SID Lys. Nutrients, ME, and SID AA digestibility values used for all diet formulations were obtained from NRC (1998).
All experimental diets were in meal form and were prepared at the Kansas State University Animal Science Feed Mill. A subsample of all experimental diets was collected and analyzed for dietary AA (Ajinomoto Heartland LLC, Chicago, IL) using HPLC (Method 994.12; AOAC, 2000) . Pigs and feeders were weighed on d 0, 7, 14, 21, and 28 to calculate ADG, ADFI, and G:F.
Experiments 2 to 4
In Exp. 2, a total of 840 weanling pigs (initial BW: 7.6 ± 0.1 kg) were used in a 14-d growth trial conducted at a commercial research nursery facility in Iowa. Pigs were the offspring of 280 males and L 1055 females (PIC, Henderson, TN). Each treatment had 7 replicate pens with 24 pigs per pen. Each pen (3.05 × 1.82 m) contained a stainless steel self-feeder and a single nipple waterer.
In Exp. 3, a total of 1,260 weanling pigs (initial BW: 8.5 ± 0.1 kg) were used in a 14-d growth trial at a commercial research nursery facility in southern Minnesota. Pigs were the offspring of 327 males and L C14 females (PIC, Henderson, TN). Each feeder was available to 2 adjacent pens, resulting in 42 pigs per feeder (21 pigs per pen) and 6 replicate feeders per treatment. Each pen (3.05 × 1.52 m) had access to a stainless steel self-feeder and 1-cup waterer.
In Exp. 4, a total of 770 weanling pigs (initial BW: 7.4 ± 0.1 kg) were used in a 14-d growth trial conducted at a commercial research nursery facility in Missouri. Pigs were the offspring of TR4 males and L C22 females (PIC, Henderson, TN). Each treatment had 7 replicate pens with 22 pigs per pen. Each pen (3.05 × 1.82 m) contained a stainless steel self-feeder and a 1-cup waterer.
Treatment diets were fed starting on d 10 (Exp. 3) or d 14 (Exp. 2 and 4) after weaning, which was considered d 0 of the experiments. In Exp. 2 and 4, pens were allotted to 1 of 5 dietary treatments in completely randomized designs. In Exp. 3, pairs of pens sharing a common feeder were allotted with gender as a blocking factor. The 5 diets were formulated to contain 1.22, 1.32, 1.42, 1.52, and 1.62% SID Lys. Diets were corn-and soybean-meal based and formulated to 3.45 Mcal of ME/kg. Soybean meal and lactose were kept constant between all treatments at 30 and 7% of the diet, respectively. Diets for Exp. 2 and 4 contained 5% select menhaden fi sh meal and 0.88% spraydried blood cells (Table 2 ). In Exp. 3, select menhaden fi sh meal was added at 6.67% of the diet, and spray-dried blood cells were not included (Table 3) . In all experiments, target SID Lys levels were achieved by decreasing corn, and increasing crystalline L-Lys·HCl. Other crystalline AA were added as needed to maintain minimum SID ratios relative to Lys of 60% Met + Cys, 16.9% Trp, and 67.2% Val (as reported for Exp. 3). According to NRC (1998) , the minimum ratio for SID Trp to Lys is 17%, and the SID Val to Lys minimum ratio is 68%. Nutrients, ME, and SID AA digestibility values used for all diet formulation were obtained from NRC (1998) . A subsample of all experimental diets was collected and analyzed for dietary AA (Ajinomo- to Heartland LLC) using HPLC (Method 994.12; AOAC, 2000) . Pigs and feeders were weighed on d 0, 7, and 14 of the experiment to calculate ADG, ADFI, and G:F.
Statistical Analysis
Experimental data were analyzed for linear and quadratic effects of increasing SID Lys using the PROC MIXED procedure (SAS Inst. Inc., Cary, NC). The pen was the experimental unit for data analysis in Exp. 1, 2, and 4. Feeder was the experimental unit for data analysis in Exp. 3. Signifi cant effects for all experiments were Lactose 2 7.00 7.00 7.00 7.00 7.00
Select menhaden fi sh meal 5.00 5.00 5.00 5.00 5.00
Spray-dried blood cells 0.88 0.88 0.88 0.88 0.88
Choice white grease 3.00 3.00 3.00 3.00 3.00
Dicalcium phosphate ( Total Lys, % Lactose, edible grade 7.00 7.00 7.00 7.00 7.00
Select menhaden fi sh meal 6.67 6.67 6.67 6.67 6.67
Dicalcium phosphate ( 4 All values were calculated from NRC (1998). declared at P < 0.05 and trends were declared at P < 0.10. For combined data, 1-slope straight broken-line and quadratic broken-line analyses described by Robbins et al. (2006) were used to determine estimates of requirements. The breakpoint analysis was initially conducted separately for the experiment conducted in the university facility (Exp. 1) and compared with analysis from the commercial facilities (Exp. 2, 3, and 4). Because similar requirement estimates were observed using university and commercial environments, all data were combined for fi nal analysis as described by Kendall et al. (2008) . When combining results from all experiments, data were expressed as a percentage of maximum ADG or G:F within each experiment.
RESULTS

Diet Analysis
Diet samples collected for Exp. 4 were lost between the time of collection and chemical analysis. Analyzed AA levels for Exp. 1 to 3 are shown in Tables 4 to 6, respectively. Analyzed AA concentrations are within acceptable limits for analytical variation according to AAF-CO (2005) . The AA analyses are in agreement with the design of the experiments, confi rming that dietary total Lys increased with the expected increases in SID Lys.
Experiment 1
From d 0 to 14, ADG and ADFI increased (quadratic, P < 0.002) as SID Lys increased from 1.15 to 1.30%, but no further increase occurred at greater levels of SID Lys (Table 7) . Gain:feed increased (linear, P < 0.001) with increasing SID Lys. The SID Lys intake per kilogram of gain increased (linear, P < 0.001) as SID Lys increased and was 16.6 and 16.7 g/kg at 1.30 and 1.38% SID Lys, respectively. From d 14 to 28, when the common diet was fed, no difference was observed in ADG, ADFI, or G:F.
Average daily gain and ADFI increased (quadratic, P < 0.05) from d 0 to 28 as SID Lys increased. As SID Lys increased, a trend (P = 0.10) toward increased G:F was observed. Body weight increased (quadratic, P = 0.05) and pigs fed 1.30% SID Lys from d 0 to 14 had the greatest BW on d 28.
Experiment 2
Increasing SID Lys during the fi rst week (d 0 to 7) increased ADG (linear, P = 0.004; quadratic, P = 0.10), ADFI (linear, P = 0.04), and G:F (linear, P = 0.003; quadratic, P = 0.01; Table 8 ). Pigs fed 1.42% SID Lys had the greatest performance. From d 7 to 14, ADG increased (linear, P = 0.05; quadratic, P = 0.01) as SID Lys increased. Increasing SID Lys increased (linear, P = 0.01) G:F, with pigs fed 1.42% SID Lys having the greatest G:F. As Lys increased from d 7 to 14, no differences among treatments were observed for ADFI. For the overall trial (d 0 to 14), increasing SID Lys increased (linear, P < 0.003; quadratic, P < 0.01) ADG and G:F with the greatest growth performance occurring in pigs fed 1.42% SID Lys. As SID Lys increased, no difference was measured in ADFI for the overall trial. The SID Lys intake per kilogram of BW gain increased (linear, P < 0.001; quadratic, P = 0.005) as SID Lys increased and was 17.1 g/kg at 1.42% SID Lys. 
Experiment 3
From d 0 to 7, increasing SID Lys from 1.22 to 1.52% increased (linear, P < 0.001; quadratic, P < 0.03) ADG and G:F with no further improvement in growth performance for pigs fed 1.62% SID Lys (Table 9) . A trend (linear, P = 0.06) also occurred toward increased ADFI for pigs fed increased SID Lys. From d 7 to 14, increasing SID Lys from 1.22 to 1.32% increased (linear, P < 0.001) ADG and G:F with smaller improvements at greater levels. No difference was observed in ADFI.
For the overall trial (d 0 to 14), increasing dietary Lys increased (linear, P < 0.001; quadratic, P < 0.02) ADG and G:F with the greatest response observed for pigs fed 1.32% SID Lys and smaller improvements for pigs fed the diets containing greater levels of SID Lys. No difference occurred in ADFI with increasing SID Lys. Lysine intake per kilogram of BW gain increased and was 18.0 g if the diet contained 1.32% SID Lys and increased (linear, P < 0.001; quadratic, P = 0.01) to more than 19 g Lys per kilogram of BW gain for pigs fed diets containing 1.52 or 1.62% SID Lys.
Experiment 4
From d 0 to 7, ADG was not different among dietary treatments (Table 10) ; however, ADFI decreased (linear, P = 0.02) and G:F increased (linear, P < 0.001) as SID Lys increased. From d 7 to 14, ADG increased (quadratic, P = 0.01) as dietary Lys increased, with the pigs fed 1.42% SID Lys demonstrating the numerically greatest ADG. Similar to the previous period, ADFI decreased (linear, P < 0.001) and G:F increased (linear, P < 0.001; quadratic, P = 0.02) as SID Lys increased.
Overall from d 0 to 14, increasing SID Lys increased (quadratic, P = 0.05) ADG, with pigs fed the intermediate SID Lys diets (1.32 and 1.42%) having the greatest BW gains. Also, ADFI decreased (linear; P < 0.001) and G:F increased (linear, P < 0.001; quadratic, P = 0.02) with increasing SID Lys. Lysine intake per kilogram of BW gain increased (linear, P < 0.001; quadratic, P = 0.05) as SID Lys increased; it was 16.8, 17.7, and 18.3 g/kg for pigs fed diets containing 1.32, 1.42, and 1.52% SID Lys, respectively.
Combined Results (Experiments 1 to 4)
One-slope straight broken-line analysis of combined data of all experiments indicated that the breakpoint for ADG occurred at 1.30% SID Lys, whereas the estimate using quadratic broken-line analysis was slightly greater at 1.37% SID Lys ( Figure 1A) . When a separate analysis was conducted with only the data from the experiments conducted in commercial facilities (Exp. 2, 3, and 4), the estimate was 1.31 and 1.42% for the 1-slope straight broken-line and quadratic broken-line analysis, respectively, and these values were not different from the results obtained when all 4 experiments were included in the analysis. Based on G:F for all experiments, the estimated requirement for SID Lys was 1.39% using 1-slope straight broken-line analysis and 1.54% using quadratic broken-line analysis ( Figure 1B) .
When expressing the SID Lys requirement in relationship to dietary energy, the requirement estimate for ADG was 3.86 g SID Lys/Mcal ME using the 1-slope straight broken-line model and 4.19 g SID Lys/Mcal ME using the quadratic broken-line model (Figure 2A) . The requirement for G:F was greater than ADG and was estimated as 4.18 g SID Lys/Mcal ME using a 1-slope straight broken-line model or 4.92 g SID Lys/Mcal ME using a quadratic broken-line model ( Figure 2B ). The Lys requirement was also expressed as grams of SID Lys required per kilogram of daily BW gain ( Figure  3 ). Broken-line analysis for the combined data was inconclusive due to 2 outliers in the data set for ADG and 1 outlier for G:F. The requirements for each trial were 16.6, 17.1, 18.0 to 19.9, and 16.8 to 17 .7 g SID Lys/kg gain for Exp. 1, 2, 3, and 4, respectively. If the outliers were removed, the requirement estimates as grams of SID Lys/kg BW gain using 1-slope straight broken-line analysis were 16.7 and 17.1 g SID Lys/kg BW gain for ADG and G:F, respectively. Quadratic broken-line analysis with outliers removed was 17.2 and 18.2 g of SID Lys/kg gain for ADG and G:F, respectively.
DISCUSSION
After NRC (1998) publication of dietary guidelines, results of many experiments conducted with late nursery pigs have indicated that Lys requirements may be greater than previously estimated. The NRC (1998) requirement estimate for 10 to 25 kg pigs is 1.15% total Lys, or 1.01% SID Lys; however, Kendall et al. (2008) conducted 5 experiments with pigs from 11 to 27 kg and reported that 1.30% SID Lys was required for optimal growth. Similarly, other recent studies with nursery pigs ranging from 7 to 22 kg BW have estimated that the SID Lys requirement may be as great as 1.40%, also indicating that NRC (1998) estimates may be too low (Lenehan et al., 2003; Hill et al., 2007) for the modern lean genotype pig of today. Reevaluation of the Lys requirement for nursery pigs in a lighter BW range is, therefore, necessary.
To evaluate the SID Lys requirement of pigs from 7 to 14 kg, the present experiments were conducted using similar methods and design as those used by Kendall et al. (2008) . In the present studies, as well as the experiments conducted by Kendall et al. (2008) , a single-slope, broken-line analysis estimated a similar SID Lys requirement for BW gain of 1.30%; however, when comparing the results from Kendall et al. (2008) and our data, our r 2 is smaller, indicating that less of the variation in growth performance is explained by SID Lys in our model than in the model generated by Kendall et al. (2008) . Although the primary difference was the BW range of the pigs, a number of other differences also existed that may help explain the variation. These include varying locations, genetics, and minor changes in diet formulation in the current experiments, which were more consistent among trials by Kendall et al. (2008) . Our experiments purposely involved 4 different nursery facilities and pig sources to encompass a broader range of environments in our SID Lys estimates. Despite the differences among experiments, similar requirements for ADG and G:F were observed, allowing for the combination of data from all 4 experiments.
Statistical models are also an important consideration when evaluating nutritional requirements that may change depending on the method of analysis (Robbins et al., 1979; Kendall et al., 2008) . When analyzing the combined results, 2 different models were used. A 1-slope straight broken-line model is 1 of the most common models for determining nutritional requirements because it is a simple method that yields a breakpoint estimate, SE, and a description of the response (Robbins et al., 2006) . The potential downside to this method is that it assumes the response leading up to the breakpoint remains linear. If the response becomes curvilinear before reaching the requirement, a quadratic broken-line model may provide a more appropriate estimate (Robbins et al., 2006) . For the combined data set, using a quadratic broken-line model resulted in greater requirements and a greater difference of estimates between ADG and G:F than a 1-slope straight broken-line. Much of the earlier research reported the Lys requirement based on total dietary Lys, whereas investigating Lys requirements based on SID Lys can allow for more accurate estimates and may explain much of the variation among trials (Stein et al., 2005 (Stein et al., , 2007 . We observed that the calculated total Lys required was at least 1.43% for ADG and 1.52% for G:F. Although some experiments (Gatel et al., 1992; Broekman et al., 1997) agree with the total dietary Lys required in the present trials, NRC (1998) reported experiments with estimates from 1.10 to 1.40% total Lys. Results of the present experiments indicate that at least 1.30% SID Lys is required for optimal ADG, and 1.39% is required for optimal G:F in pigs from 7 to 14 kg based on a 1-slope straight broken-line. These estimates are slightly less than those reported by Dean et al. (2007) , who used broken-line analysis and reported that the SID Lys requirement for optimal ADG is between 1.40 and 1.43% 
